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SUMMARY8
9
Discrepancies between geological, seismic and geodetic rates of strain can indicate that10
rates of crustal deformation, and hence seismic hazard, are varying through time. Pre-11
vious studies in the northern Shanxi Grabens, at the northeastern corner of the Or-12
dos Plateau in northern China, have found extension rates of anywhere between 0 and13
6 mm/a at an azimuth of between 95 and 180 ◦. In this paper we determine extension14
rates across the northern Shanxi Grabens from: offset geomorphological features and a15
variety of Quaternary dating techniques (including new IRSL and Ar-Ar ages); a Kostrov16
summation using a 700 year catalogue of historical earthquakes; and recent campaign17
GPS measurements. We observe good agreement between Quaternary, seismic and geode-18
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tic rates of strain, and we find that the northern Shanxi Grabens are extending at around19
1 to 2 mm/a at an azimuth of ≈ 151 ◦. The azimuth of extension is particularly well con-20
strained and can be reliably inferred from catalogues of small earthquakes. We do not21
find evidence for any substantial variations in extension rate through time, though there22
is a notable seismic moment rate deficit since 1750. This deficit could indicate complex23
fault interactions across large regions, aseismic accommodation of deformation, or that24
we are quite late in the earthquake cycle with the potential for larger earthquakes in the25
relatively near future.26
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1 INTRODUCTION30
Discrepancies between geological, seismic and geodetic rates of deformation are a cause of31
controversy in many regions of active faulting (Thatcher 2009). Yet these discrepancies are32
important for our understanding of how both crustal deformation and seismic hazard may33
vary through time. In California and western New Guinea, for example, seismic strain rates34
appear to match relative plate velocities, whilst in the Aegean, Iran and parts of Asia the35
rates of seismic deformation are substantially lower than those predicted from plate velocities36
(Jackson & McKenzie 1988; Ekstro¨m & England 1989). In the New Madrid seismic zone,37
present-day geodetic observations are not able to detect any significant strain, and yet major38
earthquakes took place in 1811 and 1812 and the palaeoseismic record indicates that large39
earthquakes have occurred every 500 years (Stein et al. 2009; Craig & Calais 2014). On the40
scale of individual faults, there is significant disagreement between geological and geodetic41
slip rate estimates on faults such as the San Andreas, Altyn Tagh, Kunlun and Haiyuan42
(Searle et al. 2011; Wang et al. 2011; He et al. 2013; Tong et al. 2014). Are these differences43
because fault slip rates vary substantially through time? Can off-fault deformation explain44
⋆ Correspondence to: tim.middleton90@gmail.com
EXTENSION IN THE NORTHERN SHANXI GRABENS 3
the discrepancies (e.g. Milliner et al. (2015))? Could large fractions of strain build-up be45
accommodated by aseismic creep on major faults (e.g. Jolivet et al. (2012))? Or is tectonic46
loading on the continents distributed across complex systems of interacting faults (e.g. Stein47
et al. (2009) and Liu et al. (2011))?48
The northern Shanxi Grabens lie at the northeastern corner of the Ordos Plateau, a49
piece of non-deforming continental lithosphere in northern China. Extension in the northern50
Shanxi Grabens and the associated seismicity is of significant concern because the adjacent51
North China Plain is one of the most densely populated regions on Earth. The cities of52
Beijing, Datong, Shijiazhuang and Taiyuan, with a total population in excess of 35 million53
people, all lie in or next to the northern Shanxi Grabens. Yet previous studies have disagreed54
significantly about the magnitude and pattern of strain release in this region (see Section 255
for details).56
2 PREVIOUS WORK IN THE NORTHERN SHANXI GRABENS57
Estimates of Quaternary slip rates exist for many of the major faults in the northern Shanxi58
Grabens (Cheng et al. 1995; Xu & Deng 1996; Xu et al. 1997; Cheng & Yang 1998; Pavlides59
et al. 1999; Xu et al. 2002; Jiang et al. 2003; Yu 2004; Deng et al. 2007; Ding et al. 2009; Wang60
2012). In general, the slip rates are small and the calculated rates of extension do not exceed61
1 mm/a for any of the faults in the region. A cross-sectional area balance suggests a total62
Pliocene-Quaternary extension rate of between 0.2 and 0.5 mm/a across the whole northern63
Shanxi region (Zhang et al. 1998). Zhang et al. (1998) also estimate a principal extension64
direction of 165±15 ◦ from the maximum height of triangular facets, whilst Zhang et al.65
(2003) estimate an extension direction of 120 to 150 ◦ from fault striation measurements.66
Earthquake records indicate that the northern Shanxi Grabens have been seismically67
active over the last few thousand years, though there are relatively few recorded events68
in the last ≈ 250 years (Lee et al. 1976, 1978; Liu et al. 2011). A Kostrov summation of69
seismic moment tensors for the four largest historical earthquakes in the Shanxi Grabens70
gives a north-south extension rate of 0.4 mm/a (although this is not necessarily along the71
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direction of the maximum extension) (Wesnousky et al. 1984). Xue & Yan (1984) infer a72
mean extensional direction of 153 ◦ from T axes of focal mechanisms, whilst Li et al. (2015a)73
conclude from another catalogue of focal mechanisms that the minimum compressive stress74
(σ3) is at an azimuth of 139
◦ (though orientations of principal stress need not coincide with75
orientations of principal strain). Wang et al. (2012) even claim from their analysis of P axes76
of focal mechanisms that prior to 2001 it was the maximum compressive stress (σ1) that was77
oriented northwest-southeast.78
Geodetic constraints on current crustal surface motion in northeast China are provided79
by numerous GPS studies (Shen et al. 2000; Wang et al. 2001; He et al. 2003, 2004; Gan et al.80
2007; Wang 2009; Zhang & Gan 2008; Li et al. 2012; Zhao et al. 2015). Shen et al. (2000)81
conclude that 4±2 mm/a of extension occurs across the northern Shanxi Grabens at an82
azimuth of 105 ◦. They also note that their extension direction is ≈ 45 ◦ anticlockwise from83
geological estimates, and postulate that this is because the geological estimates do not take84
account of hidden faulting occurring within the grabens at a different azimuth. Meanwhile,85
He et al. (2003) and He et al. (2004) find no evidence of any extension across the northern86
Shanxi Grabens at all, which they attribute to timescale dependent fault behaviour. Wang87
et al. (2011) fit a block model to the GPS data of Zhang & Gan (2008) and obtain an88
extension rate in the Shanxi Grabens of 0.8±0.3 mm/a. Similarly, Qu et al. (2014) fit a89
block model to the GPS data of Wang (2009) and obtain a strain rate of 28 nanostrain/a90
(roughly equivalent to an extension rate of 2.8 mm/a) at an azimuth of 95 ◦.91
According to these studies, therefore, extension occurs in the northern Shanxi Grabens at92
anywhere between 0 and 6 mm/a at an azimuth of between 95 and 180 ◦ (see later Figure 15).93
In this study we compile fault extension rates from ages of offset geomorphological features94
and estimates of fault dip; we construct a catalogue of historical earthquakes with Ms > 595
for the period 1315 to 2015 and apply Kostrov’s relation to this dataset; and we analyse96
the latest campaign GPS data from Zhao et al. (2015). We then compare these geological,97
seismic and geodetic observations and seek to ascertain whether or not there are any real98
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discrepancies between these different estimates of the magnitude and pattern of strain release99
in the northern Shanxi Grabens.100
3 TECTONIC SETTING101
The Shanxi Grabens lie to the east of the Ordos Plateau in northern China, where they102
form an S-shaped series of en echelon basins some 1200 km long (see Figure 1). The grabens103
can be divided into three broad zones, two of which are wide, ENE trending, extensional104
zones (in the north and the south), separated by a third, narrow, NNE trending, right-lateral105
transtensional zone in the centre (Xu & Ma 1992; Xu et al. 1993). Although extension in the106
Shanxi Grabens only started in the Pliocene or the very end of the Miocene (Ye et al. 1987;107
Zhang et al. 1998, 2003), it is likely that the location and geometry of the grabens are in108
part determined by the pre-existing, northeast striking, fold-and-thrust belt structures of the109
Late Triassic (235 to 200 Ma old) Indosinian orogeny and the Middle Jurassic-Cretaceous110
(150 to 65 Ma old) Yanshanian orogeny (Xu & Ma 1992; Xu et al. 1993; Zhang et al. 1998).111
Manifestations of these older orogenies are still evident today as thickened crust (40-44 km)112
and a corresponding gravity anomaly over the region (Xu & Ma 1992). Tapponnier & Molnar113
(1977) note that the width and length of individual grabens decrease from south to north,114
whilst the mean elevation of the graben floors increases (from 380 m in the south to 1010 m115
in the north (Li et al. 2015a)), suggesting a northward propagation of the onset of rifting116
through time.117
The northern Shanxi Grabens form a zone around 390 km long and 160 km wide (see118
Figure 2), and are characterised by ENE striking normal faults and asymmetric half-grabens119
with footwall blocks tilted to the SSE, creating typical basin-and-range topography. Xu120
& Ma (1992) estimate a total of 8 km of crustal extension in the southwest of the zone121
and 1.5 km of crustal extension in the northeast of the zone, based upon the tilting of122
Pliocene-Quaternary sediments within the grabens. Initial sedimentation in the northern123
Shanxi Grabens commenced in the Miocene, but this earliest period of extension was confined124
to the Huaizhuo and Yanfan Grabens in the far northeast (see Figure 2)—an exception to125
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the general northward propagation of rifting. The main phase of rifting in the northern126
Shanxi Grabens occurred during the Pliocene and Quaternary (Xu & Ma 1992). Most of the127
grabens are also blanketed by a thick cover of yellow, Late Pleistocene loess (Li et al. 1998;128
Zhang et al. 2003).129
This paper is primarily concerned with the major normal faults in the northern Shanxi130
Grabens that accommodate the approximately northwest-southeast extension (see Figure 2).131
The Wutaishan and Hengshan Faults dip to the northwest and border the northern sides132
of the Wutaishan (Wutai mountains) and Hengshan (Heng mountains) respectively. The133
Hengshan Fault also forms part of the southern boundary of the Datong Graben. The134
Kouquan-Emokou Fault dips southeast and runs along the northwestern side of the Da-135
tong Graben, behind the city of Datong. Further east, the Yuguang Graben Fault runs136
along the southeastern side of the Yuguang Graben and dips to the northwest. The Liuleng-137
shan Fault borders the northern and western sides of the Liulengshan (Liuleng mountains),138
running along the eastern side of the Datong Graben and the southern side of the subsidiary139
Yangyuan Graben, also dipping to the northwest. In the northeast of the northern Shanxi140
Grabens, the Yanqing and Huailai Faults dip southeast on the northwestern sides of the141
Huaizhuo and Yanfan Grabens. The northern boundary of the whole zone is the WNW142
striking, left-lateral Zhangjiakou-Bohai Fault.143
In the Yuguang Graben a maximum sediment thickness of 600 m is reached on its south-144
eastern side, adjacent to the Yuguang Graben Fault; in the Yangyuan Graben the maximum145
sediment thickness is less than 500 m; and in the Datong Graben sediment thicknesses reach146
1500 m adjacent to the Kouquan-Emokou Fault (Xu & Ma 1992; Li et al. 1998). The Da-147
tong Graben also hosts tholeiitic and alkaline flood basalts and volcanic cinder cones (see148
Figure 2). These rocks are largely Early Pleistocene in age and are thought to result from149
local mantle decompression during the ongoing crustal extension (Xu & Ma 1992; Xu et al.150
1993).151
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4 METHODS152
4.1 DEMs and offset measurements153
We measure vertical offsets across fault traces by drawing swath profiles through digital154
elevation models (DEMs) at the relevant sites. At Guangling, on the Yuguang Graben Fault155
(see Section 5.1.2), we construct an ≈ 1 m horizontal resolution DEM from a stereo pair156
of 0.5 m Worldview-1 images, acquired on 25th July 2008 and 21st September 2011 (see157
Supplementary Material for methodology). Elsewhere, we use 30 m horizontal resolution158
data from the Panchromatic Remote-sensing Instrument for Stereo Mapping (PRISM) of the159
Japan Aerospace Exploration Agency (JAXA) Advanced Land Observing Satellite (ALOS)160
(Takaku et al. 2014; Tadono et al. 2014) or the Shuttle Radar Topography Mission (SRTM)161
(Farr et al. 2007). At each site, all DEM points within a 100 to 300 m wide swath are162
projected onto the profile, and straight lines are fitted to the data above and below the163
scarp. The quoted errors on our vertical offset measurements refer to the root mean square164
(RMS) residuals from this line fitting process. Full details of our methodology are given in165
the Supplementary Material.166
4.2 Quaternary dating of offset features167
In addition to the existing radiocarbon (14C), thermoluminescence (TL), optically stimulated168
luminescence (OSL) and K-Ar dates, we use infrared stimulated luminescence (IRSL) dating169
of sedimentary feldspar grains and Ar-Ar dating of basaltic feldspars to determine the ages170
of offset features. See the Supplementary Material for methodologies. Unfortunately, we were171
unable to find further samples for 14C dating during our field visit. The age data collected172
in this study are summarised in Table 1.173
4.3 Kostrov summations174
Kostrov (1974) showed that the strain rate tensor for N earthquakes that have occurred in175
a volume V can be calculated from:176
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ǫ˙ij =
1
2µτV
N∑
n=1
Mnij (1)
where ǫ˙ij is the ijth component of the strain rate tensor, µ is the rigidity modulus, τ177
is the time period of observation, and Mnij is the ijth component of the seismic moment178
tensor of the nth earthquake. We use Kostrov’s relation to calculate strain rate tensors for179
the northern Shanxi Grabens for different earthquake catalogues, different time periods, and180
different magnitude ranges.181
On the basis of population density maps and Gutenberg-Richter statistics, the earthquake182
catalogues in northern Shanxi are thought to be complete for earthquakes withMs ≥ 6 since183
1291 (i.e. soon after the beginning of the Yuan Dynasty in 1271) and Ms ≥ 4.75 since 1484184
(Huang et al. 1994). We therefore construct a catalogue of 25 earthquakes with Ms > 5 for185
the 700 year period from 1315 to 2015 based on Lee et al. (1976), Lee et al. (1978), Liu et al.186
(2011) and the Global Centroid Moment Tensor (GCMT) catalogue (Ekstro¨m et al. 2012).187
We note that our catalogue is unlikely to be complete for events with 5 < Ms < 6 between188
1315 and 1484, but we choose to include those earthquakes that are known about; in any189
case, their contribution to the total moment release will be relatively small.190
Lee et al. (1976) report surface-wave magnitudes (Ms), calculated from the maximum191
historically recorded intensities of shaking (I0) using the empirical relationship Ms = 0.58×192
I0 + 1.5. Lee et al. (1978) also report surface-wave magnitudes. We assume that the mag-193
nitudes given in the Liu et al. (2011) catalogue are surface-wave magnitudes. For Ms ≤ 8194
we can approximate surface-wave magnitude (Ms) as equal to moment magnitude (Mw)195
(Kanamori 1983) and we therefore calculate seismic moment (M0) using:196
M0 = 10
3
2
(Mw+6.03) (2)
Liu et al. (2011) suggest an error on the magnitudes in their catalogue of ±0.3. This197
seems reasonable given that a number of other historical catalogues quote magnitudes to198
the nearest quarter of a magnitude unit. Furthermore, a moment magnitude with an error of199
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±0.3 equates to a seismic moment that varies by a factor of 2.8. This is similar to Wesnousky200
et al. (1984), who estimate that the seismic moments in their catalogue of earthquakes around201
the Ordos are correct to within a factor of 3. Indeed, magnitudes calculated from historical202
records of shaking for other large earthquakes in the vicinity are believed to be overestimates203
because amplification effects in graben sediments have not been accounted for (Middleton204
et al. 2016; Zhou 2016).205
Focal parameters for some of these earthquakes are available in the literature (Wesnousky206
et al. 1984; Pavlides et al. 1999; Liu et al. 2007) or the GCMT catalogue (Ekstro¨m et al.207
2012). For the remaining historical earthquakes, we estimate focal parameters from nearby208
instrumental earthquakes or fault striation measurements on adjacent faults. In the second209
case, we assume that the sense of slip during the earthquake was the same as the Quaternary210
motion on the nearest adjacent fault. All 25 earthquakes and their associated parameters211
are listed in Table 2. We then perform a variety of sensitivity tests to check how variations212
in fault strike, fault dip, rake, magnitude, seismogenic thickness and time period affect our213
results. We also conduct Kostrov summations with the modern instrumental catalogue of Li214
et al. (2015a), which contains 36 earthquakes in the region of interest from between 1965 and215
2014, with magnitudes (Mw) in the range 3.1 to 5.8—though this catalogue only extends as216
far as 114.5 ◦E.217
4.4 Strain rate field from GPS218
The Crustal Motion Observation Network of China (CMONOC) was established in 1998219
by the State Seismological Bureau of China (now the China Earthquake Administration)220
(Liu et al. 2007). Today, the network includes 260 continuous GPS stations and a total of221
2056 temporary survey stations, which were visited most recently during field campaigns222
in 2009, 2011 and 2013 (Li et al. 2012; Zhao et al. 2015). We calculate a continuously223
varying strain rate field from the latest campaign GPS measurements (Zhao et al. 2015),224
comprising these 3 occupations, according to the method of Shen et al. (1996) and Floyd225
et al. (2010). The motivation for considering a continuous strain rate field is that a number226
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of theories of continental deformation postulate that the whole lithosphere in a deforming227
region responds to stresses that are either applied at its edges or result from gradients in228
gravitational potential energy (Bird & Piper 1980; England & McKenzie 1982). It is well229
known that at small length-scales the crust must be divided by individual faults and that230
the earthquakes occurring on these faults represent discontinuous deformation (England &231
Molnar 2005; Floyd et al. 2010). As a result, an earthquake, and any of its subsequent232
postseismic motion, that occurs during the time period of GPS observation will significantly233
perturb the calculated strain rate field. However, no large-magnitude events (Ms > 5) are234
recorded between 2009 and 2013; we also remove small discontinuities from our field by235
comparing the GPS data to a smoothed field as described below.236
Of the 78 stations in the region of interest, we remove 5 with errors greater than237
0.5 mm/a. We solve for the best-fitting rigid body rotation and subtract this motion from all238
vectors to account for the general eastward translation of northeastern China. Subtracting239
this rigid body rotation does not influence the subsequent strain rate calculations, it simply240
allows for easier visualisation of the deformation occurring within the region of interest. We241
then solve for the easterly and northerly components of velocity and the four horizontal ve-242
locity gradients at each GPS site using a least squares inversion, assuming uniform velocity243
gradients in both the northerly and easterly directions. All GPS sites within a radius rmax244
are included in each inversion (except for the GPS site at which the calculation is being245
performed), but they are given a Gaussian weighting (W ) according to the square of their246
distance (r) from the calculation site:247
W = e
−r
2
α2 (3)
where α is a constant that defines the width of the Gaussian smoothing function and248
determines the horizontal resolution of the continuous model. Following the method of Floyd249
et al. (2010), we determine a minimum value for α (rmin) by requiring that 75% of GPS sites250
have at least 6 GPS sites (the site itself plus its five nearest neighbours) within a distance251
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rmin. For the GPS stations in northern Shanxi, we obtain rmin = 48 km. Most of the figures252
below are for α = 80 km, though we also test the effects of different values of α on our253
results (see Supplementary Material).254
We then compare the velocities that we obtain from our inversion to the original GPS255
vectors and calculate a residual at each site. We remove sites with residual velocities greater256
than 1 mm/a (i.e. that do not fit a smoothly varying strain rate field) to leave 57 sites257
in the region of interest (73% of the original data). We then re-calculate the strain rate258
field on a regular 0.5 ◦ grid. In other words, we assume locally homogeneous but regionally259
varying velocity gradients. See Supplementary Material for mathematical details of these260
calculations.261
5 FAULT SLIP RATES FROM QUATERNARY GEOLOGY262
5.1 Yuguang Graben Fault263
The Yuguang Graben Fault is a large, arcuate, normal fault that borders the southeastern264
side of the Yuguang Graben, a basin which contains the cities of Yuxian and Guangling265
(see Figure 2). The fault extends ENE-WSW for approximately 120 km (from 39.759 ◦N,266
114.005 ◦E to 40.130 ◦N, 115.108 ◦E), dips to the northwest, and consists of multiple fault267
segments. Wang (2012) measured fault striations with a rake of -80 to -90 ◦, indicating268
predominantly normal motion. Towards the western end of the fault the footwall lithologies269
include Cambrian and Precambrian limestones and dolomites, whilst at the eastern end the270
footwall is composed of Jurassic rocks (Wang 2012). The hanging wall is covered by deposits271
of Pleistocene and Holocene alluvial sediments.272
5.1.1 Western end of the Yuguang Graben Fault273
The first slip rate site is 8 km southwest of the city of Guangling towards the western end of274
the Yuguang Graben Fault, at 39.696 ◦N, 114.245 ◦E. Two fluvial terraces are preserved on275
the eastern side of a river exiting the range to the south, with measured heights of 9.2 and276
13.2 m (Wang 2012). Wang (2012) also propose that remnants of a much higher terrace can277
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be seen to the southwest of the river at heights of around 103.9 m above the hanging wall.278
However, during our fieldwork, we were not able to confirm the fluvial provenance of these279
sediments.280
Wang (2012) obtain optically stimulated luminescence (OSL) ages for the lower two ter-281
races of 3.93±0.03 ka and 21.13±1.28 ka respectively, giving throw rates of 2.34±0.02 mm/a282
and 0.62±0.04 mm/a. For a 60 ◦ dipping fault (Li et al. 2015c), these correspond to extension283
rates of 1.35±0.01 mm/a and 0.36±0.02 mm/a. We prefer the rate of 0.36±0.02 mm/a as284
it is based on a longer time period and hence more complete earthquake cycles.285
5.1.2 Guangling section286
The second site is 7 km south of the city of Guangling, where the most recently active fault287
segment cuts through the toe of an alluvial fan 1.4 km from the main range front near the288
village of Yixingzhuang (see Figure 3). We measure topographic profiles across the scarp289
along lines A-A′ and B-B′ from the Worldview-1 DEM (see Section 4.1 and Figures 3 (c)290
and 3 (d)). We obtain an average vertical offset at this site of 13±1 m. Figure 3 (e) is a291
field photograph of the triangular facets along the main range front, with the most recently292
active fault segment in the foreground.293
Wang (2012) excavated two palaeoseismic trenches at 39.710 ◦N, 114.310 ◦E, 1.5 km south294
of Yixingzhuang village. They identify two prehistoric earthquakes, the older of which oc-295
curred between 16.66±1.39 and 10.62±0.87 ka ago on the basis of OSL dates from the296
trenches. Wang (2012) also estimate a total throw in the two earthquakes of 7.0 m. Our297
13±1 m offset of the alluvial fan surface suggests that more than the two earthquakes vis-298
ible in the trench have occurred at this site. Combining the ages with the throw of 7.0 m299
and a fault dip of 60 ◦ (Li et al. 2015c), we obtain a throw rate of between 0.42±0.04 and300
0.66±0.05 mm/a and an extension rate of between 0.24±0.02 and 0.38±0.03 mm/a.301
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5.1.3 Jiugongkou overlap zone302
The final slip rate site on the Yuguang Graben Fault is on the 7 km long Jiugongkou fault303
segment overlap zone, 15 km east of Yuxian city at 39.880 ◦N, 144.766 ◦E. Within the overlap304
zone, a minor antithetic fault approximately 5 km long dips to the south (see Figure 4). On305
the northeasternmost fault strand, 1.3 km southeast of the village of Maizituan, we measure306
a vertical offset of 17±4 m (see Figures 4 (c) and 4 (d)). Figure 4 (e) shows an exposure of307
the fault in an adjacent river cutting. Cheng & Yang (1998) obtain a TL age of 26.0±2.1 ka308
for the alluvial sediments at this site, suggesting a throw rate of 0.65±0.16 mm/a.309
On the antithetic fault a dacitic deposit covered by Pleistocene sediments is uplifted in310
the footwall. Cheng & Yang (1998) measure a vertical separation across the fault of ≈ 24 m311
and obtain a TL date for the overlying fluvial deposits of 27.4±2.2 ka, giving a vertical uplift312
rate of 0.88±0.07 mm/a. This faster uplift rate on the antithetic fault is consistent with the313
asymmetry of the intervening horst.314
Adding the rates on these parallel strands and using fault dips of 60 ◦ (Li et al. 2015c)315
yields an extension rate at this site of 0.88±0.10 mm/a.316
5.2 Liulengshan Fault317
The Liulengshan Fault runs along the northwestern side of the Liulengshan, an S-shaped318
mountain range in the centre of the northern Shanxi Grabens (between 39.577 ◦N, 113.276 ◦E319
and 40.256 ◦N, 114.727 ◦E), forming part of the eastern edge of the Datong Graben and320
the southern edge of the subsidiary Yangyuan Graben (see Figure 2). The fault comprises321
numerous segments (each typically ≈ 25 km long), which all dip to the northwest, and is322
approximately 150 km long in total. Additional, possibly inactive, fault segments continue323
further to the northeast. Xu et al. (1997) measure striations with rakes of -77 to -90 ◦ towards324
the eastern end of the Liulengshan Fault, indicating that the fault undergoes predominantly325
normal motion, at least on this segment. The principal footwall lithologies are Precambrian326
metamorphic rocks and Palaeozoic limestones, whilst the hanging wall consists primarily of327
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alluvial and fluvial fan deposits, shed from the growing range front (Xu et al. 1997). These328
sediments are interbedded with, and subsequently capped by, substantial loess deposits.329
Two earthquake swarms, with maximum magnitudes of Ms 6.1 and Ms 5.8, occurred on330
the Liulengshan Fault in October 1989 and March 1991 respectively (Xu et al. 1997). The331
focal depths of these earthquakes are thought to be in the range of 10 to 20 km (Xu et al.332
1993) and there are no reports of surface ruptures associated with these events. The GCMT333
mechanisms for the largest events suggest right-lateral strike-slip motion. With the exception334
of one other event in 1545, there is no other recorded seismicity on the Liulengshan fault.335
Such inactivity is further corroborated by dating fluvial fans and soils which cover the fault336
trace, but have not been offset. Xu et al. (1997) find that no surface-rupturing earthquakes337
can have occurred on the Liulengshan Fault for at least the last 1500 years and in some338
locations for as long as 23 ka.339
Xu et al. (1997) measure throw rates at nine different sites along the Liulengshan Fault340
using TL dating of offset features and, in one location, K-Ar dating of basaltic feldspars.341
Using a fault dip of 65 ◦ (Li et al. 2015c), they obtain extension rates of between 0.2 and342
0.4 mm/a for different locations along strike (see Figure 8). Here, we seek to corroborate343
these results by using IRSL dating on samples from an independent site, at Qifengpocun.344
5.2.1 Qifengpocun345
The first site on the Liulengshan Fault is at Qifengpocun, 17 km south of the city of Yangyuan346
(at 39.950 ◦N, 114.138 ◦E). Here, a recently active fault strand cuts through alluvial fans347
north of the range front (see Figure 5). Two terraces are preserved on either side of a channel348
exiting the Liulengshan, though their surfaces have been heavily modified for agriculture.349
We measure a vertical offset for the second, older terrace of 18±4 m high (see Figures 5 (c)350
and 5 (d)). The ALOS PRISM data is not sufficiently high-resolution to resolve the height351
of the lower terrace, but our field observations suggest a height of 3 to 4 m.352
We collect IRSL samples for dating from both terraces (see Figures 5 (f) and 5 (g)353
and Figure 5 (b) for locations). IRSL 15 yields an age of 16.3±1.9 ka; IRSL 16 yields354
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an age of 15.9±1.0 ka. The age of IRSL 15 and the offset of 18±4 m gives a throw rate of355
1.10±0.28 mm/a and an extension rate of 0.51±0.13 mm/a; the age of IRSL 16 and the offset356
of 4±1 m gives a throw rate of 0.25±0.02 mm/a and an extension rate of 0.12±0.03 mm/a357
(both for a 65 ◦ dipping fault (Li et al. 2015c)). These extension rates are similar to the358
previous rates of 0.2 to 0.4 mm/a obtained by Xu et al. (1997). However, we also note that359
the similarity in the two IRSL ages suggest that they both come from the same deposit. This360
could be because IRSL 16 sampled an incised wall of T2 and the T1 deposits at this site are361
thinner than 2.13 m (see Figure 5 (g)). If this is the case, then we prefer 0.51±0.13 mm/a362
as the more reliable extension rate.363
5.2.2 Jiankoucun section364
Towards the eastern end of the Liulengshan Fault, the footwall topography dies away from365
≈ 325 m to ≈ 50 m, indicating that this portion of the fault has experienced considerably366
less slip. The ≈ 50 m high escarpment continues eastwards, cutting across where the main367
drainage leaves the Yuguang Graben, and joins an older fault that strikes northeast immedi-368
ately adjacent to the Sanggan River as it flows east out of the Yangyuan Graben. It appears,369
therefore, that this fault segment, with uplifted former basin sediments in its footwall, is370
linking two older fault segments that have larger total displacements (see Figure 2). Further-371
more, the uplifted basin sediments include some of the earliest evidence for the presence of372
humans in northeast Asia (1.36 Ma ago) at the Xiaochangliang palaeolithic site (40.221 ◦N,373
114.662 ◦E) (Zhu et al. 2001). Fault linkage has occurred since this time, implying a throw374
rate of > 0.04 mm/a.375
At the eastern end of the Liulengshan topography (at 40.097 ◦N, 114.468 ◦E) a 1.8 km376
long section of bedrock fault plane is exposed (see Figure 6 (a)). The exposure is ≈ 40 m377
high and we find an average fault striation measurement of 238/68/298 (see Figures 6 (b)378
and 6 (c)). (This and other fault striation measurements are discussed in more detail in379
Section 8.3.) Further east, within the uplifted basin sediments, fault exposures are also380
visible (at 40.115 ◦N, 114.499 ◦E—see Figures 6 (d) and 6 (e)).381
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5.3 Kouquan-Emokou Fault382
The 100 km long Kouquan-Emokou Fault borders the northwestern edge of the Datong383
Graben running from 39.668 ◦N, 112.728 ◦E in the southwest to 40.408 ◦N, 113.442 ◦E in384
the northeast. The fault dips to the southeast causing uplift on the northwestern side of385
the fault trace. A major segment boundary occurs 10 km southwest of the city of Nanjiao386
at 39.944 ◦N, 113.059 ◦E (see Figure 2). Yu (2004) describe the Kouquan-Emokou Fault as387
having both vertical and right-lateral components of motion, at suggested rates of 0.5 to388
0.6 mm/a (Yu 2004) and 3.6 mm/a (Deng et al. 2007) respectively.389
A Ms 5 earthquake was recorded on the Kouquan-Emokou fault, just to the west of390
Datong, in 1582 (Liu et al. 2011). Two further earthquakes, both of Ms 6.5, occurred in391
1022 and 1305 further south within the Datong Graben (Liu et al. 2011). Although both392
epicentres lie within the city of Huairen, and a number of smaller faults are thought to cross393
the centre of the Datong Graben, it seems probable that these two earthquakes also occurred394
on the Kouquan-Emokou Fault and were simply recorded by the inhabitants of Huairen. A395
further earthquake with Ms 5.4 was recorded on 25th March 1991 within the urban area of396
Datong itself. The epicentral location for this event indicates that it probably took place on397
a separate, smaller fault 12 km southeast of the main fault (see Figure 7 (a)); the earthquake398
had a right-lateral strike-slip mechanism.399
5.3.1 Tuotuoying, Datong section400
At its northern end, the Kouquan-Emokou fault passes through the western side of Datong401
city and offsets a Cenozoic basaltic lava flow as shown in Figure 7 (a). We measure a scarp402
height adjacent to the village of Tuotuoying of 119±5 m (see Figures 7 (b) and 7 (c)). A403
sample of the basalt was taken from a quarry in the footwall of the fault 2 km northwest of404
Tuotuoying (see Figure 7 (d) for location and Figures 7 (e) and 7 (f)). We obtain an Ar-Ar405
age for the basalt of 8.29±0.27 Ma (see Supplementary Material). This gives us a minimum406
throw rate of 0.014±0.001 mm/a and, for a 70 ◦ dipping fault (Li et al. 2015c), a minimum407
extension rate of 0.005 mm/a. Using a fault length of 16.72 km within the basalt, we are408
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also able to determine a minimum horizontal propagation rate of 2.02 mm/a. It should be409
emphasised that these are minimum constraints on the extension rate and propagation rate;410
the basaltic lava dates to the Late Miocene and hence is older than much of the graben411
formation in northern Shanxi. The lava could have remained undisturbed for an extended412
period of time before the fault cut into it. In addition, the low extension rate could also be413
because motion at the northern end of the Kouquan-Emokou Fault is transferred onto the414
short, normal faults further east (see Figure 7 (a)).415
5.4 Summary of fault slip rates from Quaternary geology416
Table 3 summarises all of the Quaternary rates from this study and the literature. Our417
re-assessment of some of these sites, along with our re-measurement of some of the offsets418
and our additional dating on the Liulengshan and Kouquan-Emokou Faults, confirms the419
reliability of the previous measurements.420
All of the rates originally determined are vertical throw rates across normal faults. We421
therefore use fault dips from Li et al. (2015c) (which are largely based on field measurements—422
see their Table 2 and references therein) to convert throw rates to extension rates. Where423
dips are not given by Li et al. (2015c), we use the mean dip from the dip ranges quoted424
by Yu (2004). All of the extension rates are plotted in Figure 8. Blue dots show locations425
from this study; red dots show locations from other studies; and black labels are rates from426
Yu (2004) and Deng et al. (2007), where the location of the actual measurement site is427
unknown. The calculated errors for individual throw rate measurements (from propagating428
offset and age errors in quadrature) are typically around ±0.1 mm/a—see sites described429
above. We also note that there is an additional uncertainty equivalent to one earthquake430
offset in each of these measurements since we do not know at which point in the earthquake431
cycle we are making our observations. However, the majority of these throw rates come from432
sites where the offset feature records multiple earthquake cycles and hence the influence of433
this particular uncertainty is small. Furthermore, these errors are not quoted in Table 3 or434
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Figure 8 because they are all notably smaller than the errors introduced by uncertainties in435
fault dips—see below.436
The total extension across the northern Shanxi Grabens can be found by summing ex-437
tension rates across parallel faults. For example, along profile A-A′ in Figure 8 the total438
extension rate is ≈ 1.8 mm/a; along profile B-B′ the total extension rate is ≈ 1.1 mm/a. In439
general, there is a small decrease in extension rate on moving northeast through the region.440
For a 165 km wide zone (see Section 6.2), these extension rates correspond to strain rates441
of ≈ 11 nanostrain/a and ≈ 6.7 nanostrain/a respectively.442
However, uncertainties in fault dips have a large effect on the magnitudes of these443
summed extension rates. Allowing for dip uncertainties of ±15 ◦ (approximately equiva-444
lent to the ranges quoted by Yu (2004)), we obtain extension rates of 0.7 to 3.3 mm/a along445
profile A-A′ and 0.6 to 2.0 mm/a along profile B-B′. In other words, the dip uncertainties446
can lead to a potential halving or doubling of the summed extension rates.447
6 STRAIN RATES FROM SEISMICITY448
6.1 Rate of moment release in the northern Shanxi Grabens449
Figure 9 (a) shows the magnitudes of all 25 historical earthquakes with Mw > 5 in the450
northern Shanxi Grabens over the last 700 years (see also Table 2). No events with Mw > 6451
have occurred since 1750. Figure 9 (b) shows 100, 200 and 300 year moving averages of the452
logarithm of the rate of moment release through time. There is a noticeable decrease in the453
rate of moment release (of around a hundred-fold, from 6.3×1017 Nm/a to 7.9×1015 Nm/a)454
in the northern Shanxi Grabens at around 1750. More than 99% of the total moment release455
over the last 700 years occurred prior to 1750. This decrease is larger than the variations456
that can be accounted for with the errors of ±0.3 on theMw values. The implications of this457
observation are discussed further in Section 8.458
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6.2 Kostrov summations459
Figure 10 shows all of the earthquakes used for conducting Kostrov summations according to460
the methodology outlined in Section 4.3 and the Supplementary Material. The full results461
are recorded in Table 4. The area of the region highlighted in Figure 10 is 64,076 km2.462
We use a shear modulus (µ) of 3.3 GPa and a seismogenic thickness (Ts) of 20 km for all463
calculations unless otherwise stated. We choose Ts = 20 km as this was the value used by464
Wesnousky et al. (1984) and because the epicentres of recent earthquakes are found to have465
not exceeded a depth of 22 km (Li et al. 2015b).466
The result of the Kostrov summation for our catalogue of 25 historical earthquakes is a467
maximum principal extensional strain rate (ǫ˙1) of 4.1 nanostrain/a at an azimuth of 151
◦ and468
a minimum principal strain rate (ǫ˙2) of -1.9 nanostrain/a (perpendicular to the maximum469
principal strain rate—see left-hand strain rate cross in Figure 10). The width of the Kostrov470
volume at an azimuth of 151 ◦ is≈ 165 km, giving a seismic extension rate across the northern471
Shanxi Grabens of 0.7 mm/a. The negative value of the minimum principal strain rate472
indicates shortening, suggesting that as well as the extension there must be a component of473
right-lateral motion on approximately northeast-southwest striking faults or a component of474
left-lateral motion on approximately northwest-southeast striking faults. Given the observed475
strike of faults within the zone (approximately northeast-southwest) and previously recorded476
right-lateral displacements (Deng et al. 2007), we suggest that right-lateral motion is most477
likely—at least in the southwestern portion of the Kostrov volume.478
We now investigate how sensitive the Kostrov summation is to variations in the input479
parameters (see Table 4 for full details). Wesnousky et al. (1984) suggest typical uncertainties480
in their focal parameters of ±15 ◦. Varying the fault strikes by ±15 ◦ does not alter the481
magnitudes of the principal strain rates, but changes their azimuth by ±15 ◦. Varying the482
fault dips by ±15 ◦ changes the magnitudes of the principal strain rates by up to 25%,483
but only changes their azimuth by ±3 ◦. Similarly, varying the rakes by ±15 ◦ changes the484
magnitudes of the principal strain rates by up to 31%, but only changes their azimuth by485
up to ±8 ◦.486
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Altering the values of Mw has a more significant effect. Varying Mw by ±0.3 magnitude487
units changes the magnitudes of the principal strain rates by up to 172%. For example, if all488
earthquakes were 0.3 magnitude units larger the maximum principal extensional strain rate489
(ǫ˙1) would be 11.1 nanostrain/a, corresponding to a seismic extension rate of 1.8 mm/a; if490
all earthquakes were 0.3 magnitude units smaller the maximum principal extensional strain491
rate (ǫ˙1) would be 1.4 nanostrain/a, corresponding to a seismic extension rate of 0.2 mm/a.492
However, varying Mw by ±0.3 magnitude units only changes the azimuth of the maximum493
principal extensional strain rate by ±1 ◦. We also note that Wesnousky et al. (1984) did not494
find any evidence for systematic overestimation or underestimation of magnitudes.495
Seismogenic thickness is inversely proportional (in a linear sense) to the magnitudes of496
the principal strain rates and has no influence on their azimuths. However, Ts is not likely to497
be wrong by more than ±10 km, so it is a less important influence on the magnitudes of the498
principal strain rates than Mw. In general, the uncertainties in Mw are the major potential499
source of error in our estimated strain rates, though the azimuth of maximum principal500
extensional strain rate is largely insensitive to variations in all of the input parameters.501
Finally, given the observation in Section 6.1 that the moment rate drops significantly after502
1750, we calculate pre-1750 and post-1750 summations. Prior to 1750 the maximum principal503
extensional strain rate (ǫ˙1) is 6.6 nanostrain/a, corresponding to a seismic extension rate of504
1.1 mm/a; after 1750 the maximum principal extensional strain rate (ǫ˙1) is 0.08 nanostrain/a,505
corresponding to a seismic extension rate of 0.01 mm/a. (Allowing for the ±0.3 errors in506
Mw, the pre-1750 extension rate varies between 0.4 and 3.1 mm/a.)507
The majority of the strain rate we measure is contributed by the 1626 and 1683 earth-508
quakes, as shown by Wesnousky et al. (1984); together these two events account for 81% of509
the total moment release during the 700 years of observation (see second strain rate cross510
in Figure 10). When these two events are removed from the summation (see third strain511
rate cross in Figure 10), both principal strain rates are an order of magnitude smaller but512
ǫ˙2 drops most significantly leaving effectively pure extension at an azimuth of 145
◦.513
The events in the Li et al. (2015c) catalogue represent 0.5% of the moment release of514
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the historical catalogue (and the majority of this is accounted for by the 6 events that have515
M > 5) and hence yield significantly smaller magnitudes for the principal strain rates. The516
resulting strain rate crosses (see fourth and fifth strain rate crosses in Figure 10) also indicate517
a greater component of strike-slip motion; ǫ˙1/ǫ˙2 changes from 2.2 to nearly 1. However, the518
azimuth of the maximum principal extensional strain rate (155 ◦) is remarkably consistent519
with that from the historical catalogue (151 ◦).520
7 STRAIN RATE FIELD FROM GPS521
Figure 11 illustrates the different stages in the derivation of a continuous strain rate field from522
the campaign GPS data of Zhao et al. (2015). We remove GPS vectors from the calculation523
if they have northerly or easterly errors of more than 0.5 mm/a or if they differ from a524
smoothly varying velocity field by more than 1 mm/a (see Section 4.4). We remove these525
sites in order to minimise the effect of errors in the horizontal GPS velocities propagating526
into the calculation of the velocity field. However, in regions where there are fewer GPS527
sites—for example the northeast of the northern Shanxi Grabens (see Figure 11 (e))—there528
will be larger uncertainties in both the magnitude and azimuth of the strain rate field.529
A number of observations can be made about the final strain rate field (see Figure 11 (f)).530
The mean principal strain rates (ǫ˙1 and ǫ˙2) are 7.9 nanostrain/a and -2.3 nanostrain/a. The531
maximum principal extensional strain rate is at a mean azimuth of 144 ◦ and corresponds532
to a geodetic extension rate of ≈ 1.3 mm/a. These results are similar to the strain rate533
tensors derived from Kostrov summations—particularly the pre-1750 calculation. However,534
the GPS-derived strain rate field also highlights variations within the Kostrov volume. In535
the southwest, the strain is almost entirely extensional: the mean of the maximum principal536
extensional strain rate (ǫ˙1) is 8.6 nanostrain/a, corresponding to a geodetic extension rate537
of 1.4 mm/a. The mean azimuth of the maximum principal extensional strain rate is still538
144 ◦. In the northeast, however, the motion becomes almost entirely strike-slip and the539
mean of the maximum principal extensional strain rate (ǫ˙1) reduces to 2.5 nanostrain/a at540
an azimuth of 126 ◦ (corresponding to a geodetic extension rate of ≈ 0.4 mm/a). The strike-541
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slip motion in the northeast could be accommodated by right-lateral slip on approximately542
north-south faults (perhaps via oblique right-lateral slip on the northeast trending normal543
faults) or left-lateral slip on approximately east-west faults (perhaps on the Zhangjiakou-544
Bohai fault system). Furthermore, the second invariant of the strain rate tensor decreases545
by about an order of magnitude from the southwest to the northeast (see Figure 12 (b)).546
These variations within the Kostrov volume are in good agreement with estimates of total547
extension, which are greater in the southwest (≈ 8 km) than the northeast (≈ 1.5 km) (Xu548
& Ma 1992).549
The rotation rates within northern Shanxi predicted by the strain rate field are very550
small (see Figure 12 (a)—rotations are shown for a period of 1 Ga so that they are large551
enough to be seen). Since the earliest extension in the northern Shanxi Grabens occurred in552
the Miocene (at most 23 Ma ago), if we assume constant rates through time then the total553
expected rotation within the region of interest is typically about 1 ◦, and at most 6 ◦ (in an554
anticlockwise sense). Such small rotations are unlikely to be resolvable in palaeomagnetic555
studies. Although some data from the northern Shanxi Grabens exists (Xu et al. 1994), it556
is not of a sufficiently high accuracy to test these predicted rotations.557
Figure 13 shows swath profiles through the GPS data in the southwestern portion of the558
northern Shanxi Grabens. Vectors with northerly or easterly errors of more than 0.5 mm/a559
are not included in the profiles. Profile X-X′ at an azimuth of 150 ◦ yields an extension rate560
of 1.1±1.1 mm/a, which is consistent with the rate obtained from the smoothly varying561
strain rate field. However, profile Y-Y′ at an azimuth of 105 ◦ shows a large scatter and no562
observable extension. He et al. (2003) and He et al. (2004) are not able to observe extension563
in the northern Shanxi Grabens because their profiles are drawn parallel to the observed564
velocity vectors rather than parallel to the azimuth of the maximum principal extensional565
strain rate.566
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8 DISCUSSION567
8.1 Earthquake recurrence times from geodetic strain rates568
The geodetic moment rate (M˙0) for a strain rate of ǫ˙ij is given by (see Supplementary569
Material):570
M˙0 =
Mtot
τ
= 2µV ǫ˙ij (4)
where Mtot is the total seismic moment released in the time period τ , µ is the shear571
modulus, and V is the volume of crust under consideration.572
We assume that the strain in the southwestern part of the northern Shanxi Grabens573
can be treated as biaxial (i.e. extension is matched purely by vertical thinning). The mean574
maximum principal extensional strain rate from GPS is 8.6 nanostrain/a at an azimuth of575
144 ◦. We therefore obtain a geodetic moment rate of 7.3×1017 Nm/a. (For comparison, the576
Kostrov summation over the last 700 years gives a seismic moment rate of 3.9×1017 Nm/a.577
However, the Kostrov summation for the 435 years prior to 1750 gives a seismic moment578
rate of 6.3×1017 Nm/a. In other words, the seismic moment rate prior to 1750 agrees well579
with the present-day geodetic moment rate—see Section 8.2.)580
The recurrence interval (T ) for earthquakes of scalar seismic moment ≥ M is then given581
by (see Supplementary Material):582
T (M) =
βM1−βmaxM
β
M˙0 (1− β)
(5)
where Mmax is the scalar seismic moment of the largest earthquake expected in the583
region and β is the constant in the Gutenberg-Richter moment-frequency relationship. Using584
the usual β value of 2
3
and the maximum observed scalar seismic moment of 1.4×1020 Nm585
(Mw 7.4) for the 1683 earthquake (see Table 2), we find a recurrence interval for earthquakes586
≥ M 7.0 of 150 years, and a recurrence interval for earthquakes ≥ M 6.0 of 15 years. For587
a given magnitude range, the recurrence interval is inversely proportional to the geodetic588
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strain rate, and hence, all else being equal, a 10% uncertainty in the strain rate leads to a589
10% change in the recurrence interval. However, these recurrence intervals depend heavily on590
the value of Mmax. For example, with Mmax = 1× 10
21 Nm (≈ Mw 8), we obtain recurrence591
intervals of 300 years and 30 years respectively. Therefore it is the value ofMmax that has the592
largest effect on the uncertainties associated with our recurrence intervals. Nevertheless, we593
are able to say that earthquakes ≥ M 6.0 recur on a timescale of decades, whilst earthquakes594
≥ M 7.0 recur on a timescale of centuries.595
8.2 Comparing magnitudes of strain596
Our best estimates for the extension rate across the northern Shanxi Grabens from all three597
methods—geology, seismicity and geodesy—are consistent within the broad range of each of598
their uncertainty bounds that result from the various assumptions made to calculate their599
respective values. From Quaternary geology, we obtain rates of ≈ 1.8 mm/a and ≈ 1.1 mm/a600
for two possible profiles across the region—though the uncertainties in fault dips could either601
halve or double these summed rates. From Kostrov’s relation and our catalogue of historical602
earthquakes we obtain a seismic extension rate of ≈ 0.7 mm/a. The major contribution to603
the uncertainty in this case is the earthquake magnitude errors of ±0.3, leading to a seismic604
extension rate of between 0.2 and 1.8 mm/a. We also note that the 0.7 mm/a extension can605
be sub-divided into a pre-1750 rate of ≈ 1.1 mm/a and a post-1750 rate of ≈ 0.01 mm/a.606
Finally, from the GPS-derived continuous strain rate field, we obtain an extension rate of607
1.4 mm/a, diminishing to 0.4 mm/a in the northeastern part of the region.608
All three methods of strain measurement agree to within error—though the errors are609
large. Nonetheless, there is reasonable consensus (between the Quaternary geology, the pre-610
1750 Kostrov summation, and the GPS) that the extension rate is of the order of 1 to611
2 mm/a. Given the different timescales of these measurements (tens of thousands of years,612
hundreds of years, and years respectively) we therefore propose that there have not been any613
resolvable changes in the extension rate across the northern Shanxi Grabens over the Late614
Quaternary. The notable exception is that the post-1750 Kostrov summation obtains an615
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extension rate that is two orders of magnitude smaller than the suggested Late Quaternary616
rate of 1 to 2 mm/a—well beyond even the large error bounds. We therefore conclude that617
the current rate of seismic strain release does not match either the geological or geodetic618
strain rates.619
There are three possible explanations for this present-day seismic moment rate deficit.620
One possibility, suggested by Stein et al. (2009) and Liu et al. (2011), is that the tec-621
tonic loading in northern China is shared by a complex system of interacting faults spread622
over hundreds of kilometres; clusters of earthquakes therefore oscillate between the Shanxi623
Grabens, the Weihe Graben and the North China Plain. However, if this is the case it is624
unclear why, beyond coincidence, the pre-1750 Kostrov summation should agree so well with625
the geological and geodetic rates. A second possibility is that strain in the northern Shanxi626
Grabens is currently being accommodated aseismically—though no field observations of fault627
creep are reported in the literature. Finally, the discrepancy could suggest that the post-1750628
Kostrov summation does not span a long enough time interval (i.e. it is shorter than the629
typical recurrence interval for large earthquakes) and hence we expect large earthquakes to630
occur in the relatively near future.631
The deficit in the post-1750 Kostrov summation (compared to the estimated rate of632
moment release from the GPS) is 1.9×1020 Nm over the last 265 years (between 1750 and633
2015), which is equivalent to a single Mw 7.5 earthquake. The calculations in Section 8.1634
suggest that the recurrence interval for earthquakes ≥ M 6.0 should be of the order of a few635
decades, whilst the recurrence interval for earthquakes ≥ M 7.0 could be centuries. There636
have been no earthquakes ≥ M 6.0 since 1750. Hence it is conceivable that the deficit may be637
accommodated by a single≈ Mw 7.5 earthquake (or a cluster of slightly smaller events) in the638
future. Such an earthquake would require a fault length on the order of 150 km, but suitable639
faults do exist in the northern Shanxi Grabens (such as the Hengshan, Kouquan-Emokou640
and Liulengshan Faults) and > Mw 7.5 earthquakes have occurred at other margins of the641
Ordos Plateau (such as the 1556 Huaxian event and the 1739 Yinchuan event) (Middleton642
et al. 2016; Zhou 2016).643
26 T. A. MIDDLETON
8.3 Comparing patterns of strain644
The pattern of strain revealed by the geological, seismic and geodetic observations is con-645
sistent. Figure 14 shows principal extension directions from fault striation measurements,646
T axes of historical and recent earthquakes, and maximum principal extensional strain rate647
azimuths from the GPS. (We calculate the equivalent of a T axis from the measured strikes,648
dips and rakes of fault striations on fault plane surfaces, as this is more directly comparable649
to the other data than the striation azimuth, which could be up to 45 ◦ away from the T650
axis direction in the case of highly oblique slip. A summary of the striation data is also651
given in Table 5.) The average azimuth of maximum extension from these different types652
of measurement varies between 135±6 ◦ and 156±6 ◦. Furthermore, the maximum principal653
extensional strain rate azimuth from GPS is biased by grid nodes to the northeast of the654
region, which are given equal weighting even though rates of deformation are known to be655
significantly slower in this part of northern Shanxi; the average maximum principal exten-656
sional strain rate azimuth in the southwestern part of the region is 144 ◦. Note too that657
the average T axis azimuth for the historical earthquakes (156 ◦) is different to the azimuth658
of maximum principal extensional strain rate from the Kostrov summation for historical659
earthquakes (151 ◦) because in the Kostrov summation the contribution of each earthquake660
is weighted by its magnitude.661
In addition, there is good agreement in the pattern of strain amongst the different Kostrov662
summations (see Table 4). Varying the input parameters within their suggested error bounds663
does not change the maximum principal extensional strain rate azimuth by more than ±15 ◦.664
Furthermore, the use of different earthquake catalogues does not change the maximum prin-665
cipal extensional strain rate azimuth by more than 4 ◦. Despite the fact that the events in666
the Li et al. (2015c) catalogue represent 0.5% of the moment release of the historical cata-667
logue and that they cover only 50 years as opposed to 700 years of activity, the predicted668
style of deformation is almost identical. This would seem to support the suggestion by Ek-669
stro¨m & England (1989) that the style, though not the magnitude, of strain release might670
be reliably extrapolated from small earthquake catalogues covering relatively short time671
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periods—perhaps even as little as a decade. (This does also assume that these small earth-672
quakes are not the result of locally induced stresses, for example aftershocks of a previous673
major event.)674
The average fault strike in the northern Shanxi region is ≈ 239 ◦ (the mean of the675
values given in Table 3). Normal faults at this azimuth are therefore optimally oriented676
to accommodate extension at an azimuth of 149 ◦. This is in good agreement with all of677
the above methods for estimating the extension azimuth. Hence it may be possible, if the678
type of faulting is known, to accurately predict the orientation of the faults in a deforming679
continental region from geodetic measurements alone. We note, though, that these normal680
faults are also accommodating smaller amounts of right-lateral motion.681
9 CONCLUSIONS682
On the basis of our three approaches, and contrary to He et al. (2003), we conclude that683
the northern Shanxi Grabens are extending. We find good agreement between Quaternary,684
seismic and geodetic rates of strain, and we find that the northern Shanxi Grabens are685
extending at around 1 to 2 mm/a at an azimuth of ≈ 151 ◦. Figure 15 illustrates how686
the previously discrepant strain measurements have largely been reconciled in this study.687
The azimuth of extension is particularly well constrained and can be reliably inferred from688
catalogues of small earthquakes. We do not find evidence for any substantial variations689
in extension rate through time. However, there is a notable seismic moment rate deficit690
since 1750. This could indicate complex fault interactions across large regions, aseismic691
accommodation of deformation, or that larger earthquakes are likely in the relatively near692
future.693
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Figure 1. SRTM topography (Farr et al. 2007) of the Ordos Plateau in northeastern China. Focal
mechanisms from the Global CMT catalogue (Ekstro¨m et al. 2012) are shown for recent earth-
quakes with magnitudes greater than Mw 5.0. Earthquakes of Mw 2.0-5.0 from the ISC catalogue
(International Seismological Centre 2013) are shown as pink dots. Rivers are indicated in dark blue
and inset globe shows the location of Figure 1 within Asia. The blue polygon indicates the region
shown in Figure 2.
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Figure 2. SRTM topography (30 m resolution) of the northern Shanxi Grabens (Farr et al.
2007). Faults, marked as thin black lines, have been mapped from satellite imagery (source:
http://earth.google.com) based upon earlier fault maps from Tapponnier & Molnar (1977), Xu
& Ma (1992) and Yu (2004). Cities are marked by blue squares and black stars show the positions
of volcanic cones. Red outlines indicate the locations of later figures. Faults are numbered as fol-
lows: 1 Yunzhongshan Fault, 2 Wutaishan Fault, 3 Hengshan Fault, 4 Kouquan-Emokou Fault, 5
Laiyuan Graben Fault, 6 Lingqiu Graben Fault, 7 Yuguang Graben Fault, 8 Liulengshan Fault, 9
Yangyuan Graben Fault, 10 Yanggao-Tianzhen Graben Fault, 11 Nankou Fault, 12 Yanqing Fault,
13 Huailai Fault, 14 Huai’an Graben Fault, 15 Zhangjiakou-Bohai Fault, 16 Daihai Graben Faults
(see also Table 3).
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Figure 3. (a) Single-band (0.5 m resolution panchromatic) Worldview-1 image from 21st Septem-
ber 2011 of the Yuguang Graben Fault around 7 km south of the city of Guangling. Blue arrows
mark position of the range-front normal fault, which dips to the northwest; red arrows mark the
most recently active fault segment. Yellow circle marks the location of the trench opened by Wang
(2012). (b) 1 m resolution DEM of the same area as (a) derived from a stereo pair of Worldview-1
images from July 2008 and September 2011. (c) 100 m wide swath profile A-A′. Dots show DEM
points that fall within the swath. Red lines indicate best-fitting parallel lines to the upper and
lower slopes. We measure a vertical offset of 12±1 m. Note that the vertical exaggeration exac-
erbates the ≈ 3 ◦ difference in slope between the upper and lower surfaces—see the inset profile
in the red box with reduced vertical exaggeration for comparison. (d) 100 m wide swath profile
B-B′. Annotations the same as (c). We measure a vertical offset of 14±1 m. (e) Field photograph
(taken at 39.718 ◦N, 114.312 ◦E) looking southeast at the Yuguang Graben Fault. Blue arrows mark
position of range-front normal fault; red arrows mark the most recently active fault segment in the
foreground.
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Figure 4. (a) SRTM topography (30 m resolution) of the Jiugongkou overlap zone on the Yuguang
Graben Fault 15 km east of Yuxian city (Farr et al. 2007). Red arrows indicate active faults,
including a small antithetic fault within the overlap zone. Yellow circle indicates the dating site
of Wang (2012) (at 39.880 ◦N, 114.766 ◦E). (b) Google Earth imagery from August 2015 (source:
http://earth.google.com) of the same region as (a). Westward growth of the northern fault segment
and movement on the antithetic fault have caused uplift of a central horst block that has deflected
the major river exiting the mountains. The dotted yellow line marks the position of the drainage
divide within this horst block. (c) Zoomed view of the SRTM topography on the northern fault
segment, showing location of the swath profile C-C′. (d) 150 m wide swath profile C-C′. Dots
show DEM points that fall within the swath. Red lines indicate best-fitting parallel lines to the
upper and lower slopes. We measure a vertical offset of 17±4 m. (e) Field photograph (taken at
39.880 ◦N, 114.766 ◦E) looking west at the Yuguang Graben Fault exposed in a river cutting. (f)
Field photograph (taken at 39.852 ◦N, 114.769 ◦E) looking east along the antithetic fault, showing
uplifted dacite in the footwall.
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Figure 5. (a) 30 m resolution ALOS PRISM topography of Qifengpocun in the centre of the
Liulengshan Fault (Takaku et al. 2014; Tadono et al. 2014). Blue arrows mark position of the
range-front normal fault; red arrows mark the most recently active fault segment. Yellow circles
indicate the locations of IRSL samples 15 and 16. (b) Google Earth imagery from March 2014
(source: http://earth.google.com) of the same area as (a). (c) 200 m wide swath profile D-D′. Dots
show DEM points that fall within the swath. Red lines indicate best-fitting (non-parallel) lines for
the upper and lower slopes. We measure a vertical offset of 18±4 m. (d) 200 m wide swath profile
E-E′. Annotations the same as (c). We measure a vertical offset of 17±4 m. (e) Perspective view
of the Google Earth imagery looking south at the Liulengshan Fault. Two terrace levels (T1 and
T2) are visible. Blue arrows mark position of range-front normal fault; red arrows mark the most
recently active fault segment. (f) and (g) Field photographs (taken at 39.948 ◦N, 114.138 ◦E and
39.950 ◦N, 114.138 ◦E) showing IRSL samples 15 and 16, taken from the sides of the T2 and T1
terraces respectively.
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Figure 6. (a) Field photograph looking southeast at an exposed bedrock fault plane on the Li-
ulengshan Fault. Red arrows indicate the position of the fault. (b) Field photograph (taken at
40.097 ◦N, 114.468 ◦E) showing a closer view of the ≈ 40 m high bedrock fault plane. (c) Zoomed
in photograph at the same location showing the polished fault plane surface. Black arrows highlight
the orientation of striations (238/68/298). (d) Field photograph (taken at 40.115 ◦N, 114.499 ◦E)
looking east at a road-cut exposure of the Liulengshan Fault in the uplifted basin sediments to-
wards the eastern end of the fault. (e) Zoomed in photograph at the same location showing the
orientation of the fault plane (255/60) and the calcite-cemented fault gouge.
EXTENSION IN THE NORTHERN SHANXI GRABENS 45
5 m
Baked palaeosol
Basaltic flow
Ar-Ar basalt date
Basaltic flow
113.00˚ 113.20˚ 113.40˚ 113.60˚
40.20˚
40.40˚
1280
1300
1320
1340
1360
1380
1400
Ele
vat
ion
 / m
0 500 1000 1500 2000 2500 3000 3500 4000 4500
Distance along profile / m
113.38˚ 113.40˚ 113.42˚ 113.44˚
40.36˚
40.38˚
40.40˚
40.36˚
40.38˚
0          1000       2000       3000       4000       5000       6000
Elevation / m
0 10 20km
1300 1350 1400 1450 1500
Elevation / m
0 1 2km(a)
c)(
(b)
(d)
(e)
(e) (f)
1 m
Looking northwest
Ar-Ar basalt date
Ar-Ar basalt date(b)
0 1 2km
Ar-Ar basalt date
25/03/91 M  5.4       sDatong      
1582 earthquake       
Cenozoic basalt    
Volcanic cones       
F′
F
F′F
119±5 m vertical offset
Tuotuoying
(18x vertical exaggeration)
F′
F
46 T. A. MIDDLETON
Figure 7. (a) SRTM topography (30 m resolution) of the northern end of the Datong Graben
(Farr et al. 2007). Red arrows mark the positions of active faults, including the Kouquan-Emokou
Fault, which bounds the northwestern edge of the graben. The yellow circle marks the location of
the Ar-Ar dating sample. (b) Zoomed view of the SRTM topography at the northern end of the
Kouquan-Emokou Fault, where an escarpment is preserved in a Cenozoic basalt flow. (c) 300 m
wide swath profile F-F′. Dots show DEM points that fall within the swath. Red lines indicate
best-fitting lines for the upper and lower slopes. We measure a vertical offset of 119±5 m. (d)
Google Earth imagery from November 2015 (source: http://earth.google.com) of the same area
as (b). (e) Field photograph (taken at 40.383 ◦N, 113.401 ◦E) of a quarry in the footwall of the
Kouquan-Emokou Fault. The yellow circle indicates the position of a basalt sample taken for Ar-
Ar dating. (f) Zoomed in photograph at the same location shows the basaltic lava flow overlying a
baked palaeosol.
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Figure 8. SRTM topography (30 m resolution) of the northern Shanxi Grabens (Farr et al.
2007). Faults, marked as thin black lines, have been mapped from satellite imagery (source:
http://earth.google.com) based upon earlier fault maps from Tapponnier & Molnar (1977), Xu
& Ma (1992), Yu (2004) and Deng et al. (2007). Blue circles (and numbers) indicate rates of
horizontal extension measured in this study. Red circles (and numbers) indicate rates of horizon-
tal extension measured by Cheng et al. (1995); Xu et al. (1997); Cheng & Yang (1998); Jiang
et al. (2003); Ding et al. (2009); Wang (2012). Extension rates given in black are from Yu (2004);
Deng et al. (2007). Faults are numbered as follows: 1 Yunzhongshan Fault, 2 Wutaishan Fault,
3 Hengshan Fault, 4 Kouquan-Emokou Fault, 5 Laiyuan Graben Fault, 6 Lingqiu Graben Fault,
7 Yuguang Graben Fault, 8 Liulengshan Fault, 9 Yangyuan Graben Fault, 10 Yanggao-Tianzhen
Graben Fault, 11 Nankou Fault, 12 Yanqing Fault, 13 Huailai Fault, 14 Huai’an Graben Fault, 15
Zhangjiakou-Bohai Fault, 16 Daihai Graben Faults (see also Table 3).
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Figure 9. (a) Plot of magnitude (Mw) against time for historical earthquakes with Mw > 5 in the
northern Shanxi Grabens over the last 700 years. Earthquakes with Mw ≥ 6.0 are shown in darker
blue. (b) Moving averages of the log of the seismic moment rate (in Nm/year) for the last 700
years, calculated every 20 years. White dots show 100 year moving average; red dots show 200 year
moving average; black dots show 300 year moving average. Error bars, based on the assumption
that values of Mw are known to the nearest ±0.3 magnitude units, are shown for the 200 year
moving average. Dotted red line shows the log of the average M0 rate (log
(
3.9× 1017
)
= 17.6) for
the whole 700 year period, from 1315 to 2015.
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Figure 10. SRTM topography (30 m resolution) of the northern Shanxi Grabens (Farr et al.
2007). Faults, marked as thin black lines, have been mapped from satellite imagery (source:
http://earth.google.com) based upon earlier fault maps from Tapponnier & Molnar (1977), Xu
& Ma (1992), Yu (2004) and Deng et al. (2007). The black rectangle indicates the approximately
164 km by 390 km region included in the Kostrov volume. Historical earthquakes occurring in the
volume are shown as white circles scaled according to their magnitude and including the year in
which they occurred (Lee et al. 1976; Liu et al. 2011)—see Table 2 for details. The two earth-
quakes ringed in red are the ones used by Wesnousky et al. (1984) in their Kostrov summation.
Focal mechanisms are from Li et al. (2015a); mechanisms for earthquakes with M > 5 are shown
in red. Strain rate crosses below the map show the results of Kostrov summations for (from left
to right): all of the historical earthquakes with known focal parameters; the two earthquakes used
by Wesnousky et al. (1984); all of the historical earthquakes with known focal parameters except
the two used by Wesnousky et al. (1984); all of the mechanisms from Li et al. (2015a); and all of
the mechanisms with M > 5 from Li et al. (2015a). Note that the first two strain rate crosses are
displayed at one tenth of their real size. See Table 4 for further details.
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Figure 11. (a) GPS data from Zhao et al. (2015) relative to stable Eurasia. Red vectors indicate
stations where northerly or easterly error is ≥ 0.5 mm/a. Black box indicates region of interest
(same as Kostrov volume). 78 stations lie within this region, of which 73 have errors < 0.5 mm/a.
(b) GPS data with best-fitting rigid body rotation subtracted. Best-fitting rotation is about a
pole at 29.882 ◦N, 52.999 ◦W. (c) Strain rate field calculated from GPS at each GPS station,
using α = 80 km and rmax = 200 km. Crosses indicate orientation and magnitude of maximum
and minimum horizontal strain rate; blue indicates extension and red indicates contraction. (d)
Residual vectors obtained when velocities from inversion in (c) are subtracted from the original
data in (b). Red vectors indicate stations with residuals ≥ 1 mm/a. 57 stations have residuals <
1 mm/a. Note different scale to before. (e) Remaining 57 vectors from (b), with the best-fitting
rigid body rotation removed, that are used in the final strain rate calculation. Again, note different
scale to before. (f) Strain rate field calculated on a regular grid including 25 nodes within the
region of interest. Again, α = 80 km and rmax = 200 km. Blue and red bars as above.
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Figure 12. (a) Rotation rates
(
ω˙xy =
1
2
(
∂Vx
∂y
−
∂Vy
∂x
))
of the velocity gradient field derived from
the GPS data of Zhao et al. (2015), where wedges represent the rotation rate multiplied by 1
Ga (1 radian / Ga = 0.57 ◦ / 10 Ma). Blue wedges show clockwise rotation rates; red wedges
show anticlockwise rotation rates. (b) Second invariant
(
E˙ = (ǫ˙ij ǫ˙ij)
1
2
)
of the derived strain rate
field within the polygon of interest. Crosses indicate orientation and magnitude of maximum and
minimum horizontal strain rate; blue indicates extension and red indicates contraction.
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Figure 13. (a) GPS data from Zhao et al. (2015) relative to stable Eurasia. Red vectors indicate
stations where northerly or easterly error is ≥ 0.5 mm/a. Black box indicates Kostrov volume. (b)
150 km wide swath profile X-X′ through the GPS data in the southwestern part of the Kostrov
volume at an azimuth of 150 ◦. Profile shows 1.1±1.1 mm/a extension. (c) 150 km wide swath profile
Y-Y′ through the GPS data at an azimuth of 105 ◦. When the profile is drawn at this azimuth, no
extension is observed (He et al. 2003, 2004).
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Figure 14. (a) SRTM topography (30 m resolution) of the northern Shanxi Grabens (Farr et al.
2007). Faults, marked as thin black lines, have been mapped from satellite imagery (source:
http://earth.google.com) based upon earlier fault maps from Tapponnier & Molnar (1977), Xu
& Ma (1992), Yu (2004) and Deng et al. (2007). The black rectangle indicates the region included
in the Kostrov volume. T axes from historical earthquakes and Li et al. (2015a) are shown in
yellow, black and red. Extension azimuths calculated from fault striation measurements are shown
in blue—see Table 5. Maximum principal (extensional) strain rate azimuths from GPS are shown
in green. (b) Rose diagram of T axes from historical earthquakes. (c) Rose diagram of T axes from
Li et al. (2015a). (d) Rose diagram of extension azimuths from field-based fault striation measure-
ments. (e) Rose diagram of maximum principal (extensional) strain rate azimuths from GPS data
of Zhao et al. (2015). (Errors on average azimuths refer to 95% confidence limits for a best fitting
Fischer mean vector.)
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Figure 15. Scatter plot of summed extension rate across the northern Shanxi Grabens against
azimuth of extension for different timescales of observation. Black circles are measurements from
Quaternary geology; blue circles are measurements from seismicity; red circles are measurements
from GPS. Error bars are plotted where uncertainties are quantified. Open circles are from previous
studies (Wesnousky et al. 1984; Zhang et al. 1998; Shen et al. 2000; He et al. 2003; Qu et al. 2014);
filled circles are from analyses in this study.
